Strains of uropathogenic
U
rinary tract infections (UTIs), including cystitis and pyelonephritis, affect a large proportion of the world population and account for significant morbidity and high medical costs (1) . It is estimated that one-third of American women will have at least one UTI before the age 65 and many will experience more than one infection per year. Uropathogenic Escherichia coli (UPEC) is the causative agent in 70-95% of communityacquired UTIs and about 50% of all cases of nosocomial UTIs (1, 2) . The large intestine, along with the vaginal introitus and periurethral tissue, can function as reservoirs for uropathogenic strains of E. coli (3) . However, in contrast to resident intestinal strains and other E. coli isolates, UPEC strains encode a number of virulence factors that enable them to colonize the urinary tract and persist in the face of highly effective host defenses. Virulence factors associated with UPEC include toxins such as hemolysin and cytotoxic necrotizing factor, the siderophore aerobactin, capsules, lipopolysaccharide (LPS), and a number of adhesive organelles (4) . The ability to adhere to host epithelial cells within the urinary tract is likely the most important determinant of pathogenicity.
Bacterial Adherence in the Urinary Tract
Adhesins expressed on the microbial surface help dictate the tissue tropism of invading bacteria and can modulate host cell responses to infection. Bacteria assemble adhesins on their surface as monomers, as simple oligomers, or as supramolecular fibers called fimbriae or pili (5) . The adhesive organelles that are associated with UPEC strains include S pili, Dr family adhesins, P pili, and type 1 pili (4). S pili recognize sialosyloligosaccharide residues on host cells and may help promote colonization of the upper urinary tract by UPEC. Dr family adhesins, including Dr fimbriae and the afimbrial adhesins AFA-I and AFA-II, bind the Dr a blood group antigen present on decay accelerating factor and may also facilitate ascending colonization of the urinary tract (6) . P pili bind the ␣-D-galatopyranosyl-(1-4)-␤-Dgalactopyranoside moiety present in the globoseries of glycolipids that are expressed by erythrocytes and host cells present in the kidney (5) . Consistent with this binding specificity, P pili have been shown to be major virulence factors associated with pyelonephritis caused by uropathogenic strains of E. coli. Of the adhesive organelles that are associated with the pathogenesis of UTIs, type 1 pili are the most widely distributed among UPEC isolates (7) . The mechanisms and consequences of type 1 pilus-mediated interactions between E. coli and bladder epithelial cells are considered here.
Type 1 pili are composite fibers ranging from a few fractions of a micrometer to more than 3 m in length (8) . They consist of a 7-nm-thick helical rod made up of repeating FimA subunits joined to a 3-nm-wide distal tip fibrillum structure containing two adapter proteins, FimF and FimG, and the adhesin, FimH (8, 9) (Fig. 1 Left) . FimH binds mannose-containing glycoprotein receptors and can mediate bacterial attachment to a variety of different host cell types (10) (11) (12) (13) . The FimH adhesin consists of two domains: a COOH-terminal pilin domain involved in the incorporation of FimH into type 1 pili and an NH 3 -terminal adhesin domain that contains a carbohydrate binding pocket capable of accommodating a D-mannose residue (Fig. 1 Right) (14) . The adhesin domain of FimH is an 11-stranded elongated ␤ barrel with an overall jellyroll topology. This domain is connected to the pilin domain via an extended linker that may provide maximum flexibility for proper positioning of the carbohydrate binding site so that it can interact with mannose residues presented by host glycoprotein receptors. Interactions between FimH and receptors expressed on the luminal surface of the bladder epithelium are critical to the ability of many UPEC strains to colonize the bladder and cause disease (7, 13, 15, 16) .
The luminal surface of the bladder, which is first encountered by invading uropathogens, is lined by a stratified transitional epithelium (urothelium) that is usually three to four cell layers deep (17, 18) . A thin basement membrane and lamina propria separate the epithelial cells from the smooth muscular and serous layers of the outer wall of the bladder. The urothelium itself is comprised of small, relatively undifferentiated basal and intermediate epithelial cells underlying a single layer of highly differentiated, large, multinucleate superficial facet cells. These cells, also known as umbrella cells, deposit on their apical surfaces a quasi-crystalline array of hexagonal complexes comprised of four integral membrane proteins known as uroplakins (18) . The uroplakins (UPIa, UPIb, UPII, and UPIII), which are highly conserved among all mammalian species, are assembled into 16-nm-wide hexagonal particles that are further organized into plaques 0.3-0.5 m in diameter that cover almost the entire luminal surface of the bladder. All of the uroplakins have large luminal domains and, with the exception of UPIII, relatively small cytoplasmic domains. In cross section, the luminal leaflet of the apical plasma membrane appears twice as thick as the cytoplasmic leaflet. This uroplakin-embedded membrane has been termed the AUM (asymmetric unit membrane) and it is proposed to serve as a permeability barrier and to strengthen and stabilize facet cells, preventing rupturing as the bladder distends to accommodate more urine. In vitro binding assays have shown that two of the uroplakins, UPIa and UPIb, derived from diverse mammalian species, including mice and humans, can specifically bind to E. coli expressing type 1 pili (19) . Binding is inhibited by the soluble FimH receptor analogue, D-mannose, and by enzymatic deglycosylation of UPIa and UPIb.
Interactions between type 1 pili and host receptor molecules such as UPIa and UPIb allow UPEC to establish an initial foothold within the urinary tract. The ability of type 1 pili to mediate bacterial attachment to the AUM of the facet cells lining the bladder lumen has been investigated by using a mouse cystitis model and microscopic techniques (13) . Shortly after inoculation of UPEC into mouse bladders, numerous bacteria can be found attached to the urothelial surface as detected by scanning electron microscopy (EM) (Fig. 2A) . Bacteria adhered to the bladder surface both singly and, occasionally, in large biofilmlike colonies. Bacteria were often situated in grooves and niches formed by the AUM of the facet cells (13) . Almost no bacteria were found associated with bladders taken from mice infected with mutant E. coli strains that express type 1 pili lacking the FimH adhesin. High-resolution freeze-dry and freeze-fracture͞ deep-etch EM revealed that the FimH-containing adhesive tips of type 1 pili could interact directly with the uroplakinembedded AUM, seemingly tethering the bacteria to the bladder surface (Fig. 2B) . Type 1 pili also appeared able to interact with other adherent bacteria on the bladder surface. This is an interesting observation considering that type 1 pili have been shown to function in the formation of biofilms in vitro (20) .
Type 1 Pilus-Mediated Bacterial Invasion
Uropathogenic strains of E. coli, contrary to prevailing assumptions, are not strictly extracellular pathogens. Over 10 years ago, transmission EM studies of infected rat and mouse bladders demonstrated that bladder epithelial cells can internalize UPEC in vivo (21, 22) . Bacteria were observed within membrane-bound vacuoles and free within the cytoplasm of the facet cells that line the luminal surface of the bladder. It was proposed that the bladder epithelial cells internalized bacteria as part of an innate host defense mechanism. A more recent study, however, suggested that bacterial internalization by bladder epithelial cells could benefit the pathogens (13) . It was shown by using a murine cystitis model that a subpopulation of type 1-piliated E. coli inoculated into the bladder could invade the urothelium and that these bacteria appeared to have a distinct survival advantage over their extracellular counterparts.
EM studies of infected mouse bladders have indicated that the AUM of the superficial facet cells can zipper around and envelop attached bacteria, apparently via interactions with type 1 pilus tips ( Fig. 3) (13) . In vitro assays have shown that cultured human bladder carcinoma epithelial cells can also envelop and internalize type 1-piliated E. coli (23) . Standard gentamicin protection assays used to evaluate the ability of a microbe to invade host cells demonstrated that fimH ϩ type 1-piliated clinical cystitis isolates and laboratory E. coli K12 strains, but not fimH Ϫ mutants, could invade cultured bladder epithelial cells. Additional experiments have shown that cultured bladder epithelial cells efficiently internalize latex beads coated with the FimH adhesin in a mannose-inhibitable fashion (Fig. 4) . In contrast, BSA-coated latex beads and beads coated with the type 1 pilus periplasmic chaperone FimC were rarely internalized (23) .
These observations indicate that FimH is sufficient to mediate bacterial uptake by bladder epithelial cells. This suggests that FimH can function as an invasin, a class of molecules, exemplified by the invasin protein encoded by Yersinia pseudotuberculosis and internalin A expressed by Listeria monocytogenes, that can mediate bacterial internalization into host cells in the absence of other virulence factors (24, 25) . Initial investigations have demonstrated that FimH-mediated bacterial invasion of bladder epithelial cells requires the activation of host signal transduction cascades involving protein tyrosine kinases, phosphoinositide-3 kinase, and localized host actin cytoskeletal rearrangements (23) . Furthermore, FimH-mediated invasion correlates with the formation of complexes between focal adhesin 
Primary Bladder Defenses
The urinary tract is typically a sterile environment, and bacterial colonization of the bladder epithelium does not go unchallenged. The bulk flow of urine through the bladder and micturition can work to rinse away nonattached or weakly adherent microbes from the bladder surface (3). The low pH and osmolarity of urine can be inhibitory to bacterial growth, and the salts, urea, and organic acids present in urine can reduce bacterial survival within the urinary tract. In addition, lactoferrin within urine can scavenge essential iron away from incoming microbes and a number of soluble and cell associated factors within the bladder, including Tamm-Horsfall protein, low molecular weight sugars, secretory IgA, and uromucoid, can act as anti-adherence factors, competitively inhibiting bacterial attachment to the bladder surface. If a microbe manages to sidestep these constitutive defenses and make contact with the urothelium, its continued presence can trigger the activation of additional host defense mechanisms.
Bladder Cell Exfoliation as a Defense
Normally, the epithelial cells lining the luminal surface of the bladder have an extremely slow turnover rate (17) . However, exfoliated bladder cells along with associated bacteria are often found in the urine of patients with UTIs (21, 22, 26) . Based on such observations, it has been proposed that the exfoliation and clearance of infected and damaged bladder epithelial cells can function as a host defense (21, 22) . Using a mouse cystitis model, we have recently shown that bladder epithelial cells will exfoliate in response to infection by type 1-piliated UPEC strains (13) . Like UPEC isolates, recombinant laboratory E. coli K12 strains expressing type 1 pili, but lacking other potential adhesins and virulence factors specifically associated with uropathogens, also trigger massive exfoliation of urothelial cells (Fig. 5 A and B) . Isogenic E. coli mutants that express type 1 pili lacking the FimH adhesin have no obvious effects on the bladder urothelium, suggesting that FimH-mediated bacterial attachment and͞or invasion is critical in the induction of bladder cell exfoliation during a UTI.
Bladder cell exfoliation in response to infection with type 1-piliated E. coli occurs via an apoptosis-like mechanism involv- ing host DNA fragmentation and the activation of proteolytic enzymes known as caspases (13) . These cysteine proteases are central components in the initiation and execution of apoptotic pathways (27) . Exfoliation in C57BL͞6 mice can be inhibited by treating mouse bladders with a cell permeable caspase inhibitor, Boc-aspartyl(Ome)-fluormethylketone (13) . In addition to inhibiting bladder cell exfoliation, Boc-aspartyl(Ome)-fluormethylketone treatment also significantly reduced the rate of bacterial clearance from the bladder. At 12 h after infection with a type 1-piliated UPEC strain, untreated mouse controls had about 85% fewer bacteria within their bladders in comparison with Boc-aspartyl(Ome)-f luormethylketone-treated mice. These results demonstrate that exfoliation can act as a host defense mechanism. The capacity of exfoliation to facilitate bacterial clearance from the urinary tract is illustrated in Fig. 5C .
Rather than directly triggering the exfoliation response, FimH-mediated bacterial attachment or invasion may serve to deliver other bacterial factors, such as LPS, to host bladder cells. Indeed, it has been reported that soluble LPS can induce the exfoliation of single bladder cells and cell clusters when inoculated into mouse bladders from Albany or ICR mice (28, 29) . However, recent studies have shown that bladder epithelial cells in C3H͞HeJ mice, which are nonresponsive to LPS, still exfoliate in response to infection with type 1-piliated E. coli (data not shown). It is possible that infection by type 1-piliated E. coli can trigger bladder epithelial cell exfoliation by more than one pathway. The genetic background of the host can also effect the rate and degree of bladder cell exfoliation after infection. For example, massive exfoliation of bladder epithelial cells occurs in C57BL͞6 mice within 6 h after infection with type 1-piliated E. coli (Fig. 5 A and B) whereas similar levels of exfoliation are not observed until 24-72 h after infection of other mouse strains tested (e.g., C3H͞HeN, C3H͞HeJ, and FVB͞N mice).
Neutrophil Influx and Cytokines
Six hours after transurethral inoculation of C57BL͞6 mice with type 1-piliated UPEC, as massive bladder cell exfoliation becomes apparent, neutrophils can be seen infiltrating the bladder and entering the urothelium and bladder lumen (Fig. 6) . Neutrophils, or polymorphonucleocytes (PMNs), are phagocytic inflammatory cells that can mediate bacterial killing through the generation of reactive oxygen intermediates and͞or the release of preformed anti-microbial peptides. Neutrophil recruitment has been shown to be critical for bacterial clearance from both the bladder and kidney, and the presence of neutrophils in the urine (pyuria) is a hallmark of UTIs (30) . Interactions between the neutrophil receptor CD11b͞CD18 (Mac-1) and the adhesion molecule ICAM-1 on bladder epithelial cells seem to be critical for neutrophil migration into the urothelium (31) . Interestingly, bacterial infection has been shown to induce the expression of ICAM-1 by bladder epithelial cells (31) .
Over the past decade, elucidation of the molecular mechanisms involved in neutrophil recruitment into the bladder and kidneys has highlighted the importance of cytokines and chemokines. These soluble molecules, which are produced by a number of host cell types in response to a variety of different stimulatory molecules such as LPS, can regulate and orchestrate inflammatory responses. In patients with cystitis or pyelonephritis, the cytokine interleukin 6 (IL-6) and chemokine interleukin 8 (IL-8) are present in the urine, suggesting a potential role for Resistance of intracellular UPEC to antibiotic treatment. C57BL͞6 mice were infected with 1 ϫ 10 8 colony-forming units of the clinical cystitis isolate NU14. Six hours after infection, mice were given trimethoprimsulfamethoxazole (54 g͞ml and 270 g͞ml, respectively) in their drinking water or were left untreated. Mice were provided fresh water with or without antibiotics daily, and at 3 days after inoculation bladders were recovered and bisected. Bladder halves were treated with either gentamicin (to kill any extracellular bacteria) or were left untreated before homogenization and determination of bacterial titers. Control experiments (not shown) demonstrated that trimethoprim-sulfamethoxazole completely inhibited the growth of NU14 in vitro.
these molecules in UTI pathogenesis (32) (33) (34) (35) . Bladder and kidney epithelial cells appear to be a major source of IL-6 and IL-8 after infection with UPEC (36, 37) .
IL-6 is a pleiotropic cytokine that has a variety of immunoregulatory functions, including the amplification of signals involved in neutrophil recruitment (38, 39) . Urine IL-6 levels from patients with UTIs correlate with disease severity, although the exact role of IL-6 in UTI pathogenesis is unclear (34) . The function of IL-8, and other related chemokines, during UTIs has been easier to delineate. IL-8 is a member of the CXC chemokine family and a potent neutrophil chemotatic molecule (40) . In humans, the induction of IL-8 after infection with UPEC correlates well with the appearance of neutrophils in the urine (32) . By using a mouse pyelonephritis model, the appearance of neutrophils in the urine was recently shown to be directly related to the production of MIP-2, a CXC chemokine that is functionally homologous to IL-8 (which mice lack) (41) . Mice injected with an antibody to MIP-2 before infection with UPEC have a defect in transepithelial neutrophil migration.
Type 1-and P-piliated E. coli strains have been shown to elicit significantly more cytokines than their nonpiliated isogenic counterparts (36) . P-pili can activate kidney epithelial cell cytokine production, independent of LPS, through a ceramide and serine͞threonine kinase-dependent signaling pathway (42, 43) . In contrast, we have found that type 1 pili indirectly activate IL-6 production by bladder epithelial cells by mediating bacterial internalization, which in turn boosts bladder epithelial responses to LPS (J.D.S., M.A.M., R. G. Lorenz, and S.J.H., unpublished data). Consistent with these results, LPS nonresponsive C3H͞ HeJ mice have been shown to be severely defective in their inf lammatory response to UPEC within the urinary tract (44, 45) .
Persistent and Recurrent UTIs
The exfoliation of infected bladder cells and the influx of neutrophils pose a formidable challenge to the survival of UPEC within the urinary tract. In addition, the production of antimicrobial factors such as nitric oxide and defensins by urothelial cells along with the activities of immune cells, such as mast cells and macrophages, may also help control UTIs. However, despite these various host defenses, significant numbers of bacteria can persist within the bladder for days to weeks (refs. 45 and 46; M.A.M., J.D.S., and S.J.H., unpublished results). In addition, Hvidberg and coworkers have shown that UPEC strains can persist within mouse bladder tissue virtually undeterred in the face of antibiotic treatments that effectively reduce bacterial titers within the urine (46) . This persistence appears to be related to the ability of type 1-piliated E. coli to invade bladder epithelial cells. Recently, we have shown that the treatment of mice with trimethoprim-sulfamethoxazole, an antibiotic combination that is often used to treat UTIs (1), fails to clear bacteria from bladder tissue, although the drugs can effectively reduce bacterial titers within the urine (Fig. 7) . The bacteria persisting after trimethoprim-sulfamethoxazole treatment are also protected, for the most part, from the ex vivo treatment of bladders with gentamicin, suggesting that these bacteria are intracellular.
It is not entirely clear how invasion can facilitate the survival of UPEC within the bladder, especially considering that host Initial interactions between type 1-piliated E. coli and urothelial cells can also result in the induction of pro-inflammatory cytokines, leading to the influx of PMNs into the urothelium. To avoid clearance by exfoliation, UPEC is able to escape from dying facet cells and can go on to infect surrounding and underlying epithelial cells. These bacteria may eventually be able to enter a niche within the urothelium in which they can persist (at subclinical levels) undetected by immunosurveillance mechanisms.
urothelial cells can exfoliate in response to infection. Recent observations, however, suggest that UPEC is able to flux into and out of bladder epithelial cells (M.A.M., J.D.S., and S.J.H., unpublished data). This may allow invading uropathogens to multiply and subsequently escape from their host bladder cells before the host cells can complete the exfoliation process. This could also facilitate the dissemination of UPEC within the urinary tract and help bacteria evade both innate and adaptive host defenses. Furthermore, exfoliation of bladder epithelial cells could leave lower layers of the urothelium more susceptible to infection. It is in the underlying epithelial layers that UPEC may be able to persist for long intervals, sequestered within host bladder epithelial cells, possibly in a quiescent state and undetectable within the urine. These bacteria could potentially serve as a source for recurrent infections, one of the more vexing problems associated with UTIs. A model depicting some of the key factors and events that appear to contribute to the pathogenesis of bladder infections is shown in Fig. 8 . Future research is aimed at identifying bacterial and host factors that can exacerbate or attenuate the severity of UTIs. It is hoped that such studies will eventually lead to more efficacious antibacterial therapeutics.
